Stone cutting for construction work is carried out by disk diamond wheels the rotation speed of which, and, consequently, the cutting speed is 35−50 m/s. In view of the high intensity of the cutting process and intensive microchip formation, the process of stone cutting is accompanied by considerable dust formation, which can be both harmful and dangerous in the work.
Introduction
Stone building materials of natural origin include a wide range of products obtained from rocks. Stone building materials of artificial origin, such as ceramic products, are made from natural clays, as well as from their mixtures with organic and mineral additives by molding, drying and calcining.
In view of the wide distribution of such materials, the question of their formation inevitably arises, which is accomplished by their cutting.
Most often, the cutting is carried out by circular diamond wheels which rotation speeds and, consequently, the cutting speed is 35...50 m/s.
Due to the high intensity of the cutting process and intensive microchip formation, the process of stone cutting is accompanied by considerable dust formation, which can be both a harmful Original Research Article: full paper (2017) 
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and a dangerous factor in the work. The greatest danger is represented by dust particles, which dimensions are 5 μm or less [2] . The settling time of these particles is measured in hours. Thus, even after the termination of work, the risk of dust exposure to the human body remains. Insignificant time of inhalation of these particles can lead a person to disability and death. Insurance payments in case of disability and compensation in case of death of an employee for these reasons all over the world amount to multibillion sums [1] , which even for this reason makes the issue of combating this phenomenon very urgent. Thus, the study of the dust formationprocess during stone cutting is topical, as it makes it possible to improve the protection of workers, on the one hand preserving their life and health, and on the other to obtain significant savings on insurance, since there is no need to pay them.
Analysis of the literature data and formulation of the problem
Recently, much attention has been paid to the sanitary and hygienic working conditions, in connection with which the issues of dustiness of air in workrooms are considered. This issue is devoted to such works as [2−4] . However, in these works, it is mainly concerned with the effects of dust on the human body, as well as the duration of dustsoaring in the atmosphere of the production room. Despite the importance of these issues, they do not cover the whole phenomenon − "dust in the work rooms".
In the works devoted to the stone cutting, the issue of dust generation is practically not considered. In general, the issues of dust flammability, the spread of flames in a dust cloud, the durability of tools during cutting and other issues are discussed.
So in [5, 6] , questions of dust ignition are considered. This is an important issue to ensure the safety of work, but does not consider the mechanism of dust generation.
In [7] , the authors consider the wear of segments of diamond saws when cutting granite. Issues of dust generation are not considered.
In [8] , the authors study the process of natural stonecutting in quarries with equipment with chain saws equipped with diamond teeth. The problem of dust formation during cutting is not considered.
In [9] , the authors study the process of flame propagation in a dusty medium. Despite the importance of the issue for labor protection and fire safety, the issue of dust formation in this work is not considered.
In [10] , the authors study the problem of removing dust dispersions from quarries of natural stone. The issue is important for ensuring safe working conditions, but the dust formation process is not considered.
In [11] , the authors study the effect of cutting modes on the power consumption when cutting a stone with a multi-disc tool. The question is important from the point of view of energy consumption, however the mechanism of dust formation is not considered.
In [12] , the authors study the use of solid wastes for cutting granite as an alternative abrasive for hydroabrasive cutting of marble. In spite of the fact that the chip obtained from cutting granite is used for hydroabrasive cutting of marble, the problem of chip formation and, consequently, the issue of dust formation is not considered.
In [13] , the authors study the problem of the durability and durability of stone-cutting tools. Chipping or dust formation is not considered.
In [14] , the authors examine the issue of linear tests of stone cutting with the help of chisel tools for determining the principles of cutting and predicting the performance of chain saws. The tooth of the chain saw is considered as a kind of chisel and the cutting mechanism is investigated. This makes it possible to determine the conditions for the maximum productivity of the cutting process. Despite the fact that the productivity is determined by the volume of material removed by the tooth, that is, ultimately the amount of chips, the issue of dust formation during cutting is not considered.
In [15] , the authors study the question of optimizing the cutting speed of block stone cutting machines to save energy. The problems of the cutting speed optimization are considered to Mechanical Engineering minimize energy consumption. The issue is very important from the technological point of view, however, dust formation is not considered.
In [16] , the authors study the influence of the dimensions of abrasive grain on the process of waterjet cutting of concrete. The issue of dust formation is not considered, since there is no dust in hydroabrasive cutting, but there may be dispersed water suspensions, which is not the subject of this article.
The aim and objectives of research
The aim of research is studying the process of dust generation during the stone cutting for construction works, to determine the quantitative parameters of this process and to study the regularities of the distribution of dust particles over size fractions, which will improve individual and collective means of protecting workers.
To achieve this aim, it is necessary to solve the following tasks: 1. Determine the shape and dimensions of the cutting grains of the cutting discs, depending on the grain material and the grain size of the cutting disc.
2. Determine the conditional curvature radii of the cutting grains, depending on the grain material and the grain size of the cutting disc.
3. Determine the actual number of grains participating in the cutting and, therefore, in the dust formation.
4. Determine the size of dust particles, depending on the grain size of the cutting discs and processing modes.
5. Using the law of normal particle size distribution, determine the percentage of dust particles, depending on processing conditions. 6. Determine the settling time of particles of different mass, the formation of a dust-air mixture and its probable concentration.
7. Determine the chemical composition of dust, depending on the cutting materials.
Materials and methods for studying the patterns of dust formation during the cutting of stones for construction works
Theoretical studies are carried out using mathematical modeling, experimental studies are performed using experimental design methods. Diamond cutting wheels with a diameter of 400 mm and samples made from granite are used in the experiments.
Analytical and experimental studies
Cutting stone, for today is the simplest and accessible method of shaping. This process ensures high precision of products and the cleanliness of their surfaces.
When cutting various materials, the dust content of air is much higher than the maximum allowable concentration, and the flying chips are the source of eye traumatism. Despite the many types of cutting, almost all of them come in two ways: cutting into dry and cutting with the use of cutting fluids.
Cutting "into dry" takes a big place among all kinds of work. From the point of view of labor protection, cutting "into dry" can be considered as a continuous generator of a dangerous and harmful production factor -dust. Dust when cutting "into dry" is a collection of microchips, which are cut with abrasive grains. The dimensions of these chips are very small from micrometer shares to several micrometers. Thus, the size ofthe chips makes it possible to create a dust suspension, the settling rate of which is very small and in large concentrations is in the working space during operation.
Dust is a dispersed system. Dusts of 1 μm in diameter and smaller form an aerosol suspensionwith air.
The rate of dust settling increases as the diameter of the dust particles increases. The settling time of a dust particle with a diameter of 0.05 μm from a height of 1 m equals 320 hours, a speck of 1 μm in size passes the same path in 3 hours, and particles with a diameter of 100 μm settle for 3 seconds [5] . Therefore, in the air entering the respiratory tract, there are relatively few particles with a diameter greater than 5 μm. The dependence of the settling rate of dust particles on their dimensions is shown in Fig. 1 [15] .
Conditional diameter of a speck of dust Time of settling of dust particles, hour Fig. 1 . Graph of sedimentation rate versus the size of grains
1. Determination of the size of dust particles and patterns of dispersion of these dimensions
It can be argued that abrasive grains are irregularly shaped polygons [17, 18] , and the cutting element of the abrasive grain has, as a rule, a pyramidal shape, the angle at the tip of the cutting element is most often close to 90°. Each cutting element of the abrasive grain has a rounded top, with the curvature radius of this vertex depending on the grain size − large abrasive grains have large radii of the rounding of the vertices.
The scheme of formation of chips, proceeding from the shape of the abrasive cutting grain, is shown in Fig. 2.   Fig. 2 . Scheme of formation of chips (dust particles) when cutting a stone: a 1 -the trajectory of the cutting grain: h 1 , h 2 , h 3 -chip thickness, l f -the actual distance between the cutting grains, t -the cutting depth when grinding
To determine the thickness of the chip which is being cut by a cutting grain, it is necessary to know the following.
-rounding radius of the graintop (depends on the grain number of the grinding wheel); -the actual distance between the cutting grains (only 10 ... 12 % of the grains participate in the cutting operation [17, 18] ); -the specific number of cutting grains per unit surface of the circle z f ; -the average distance between cutting grains l f ; -the average thickness of the cut by each grain h. These values are determined by the method associated with the use of microthermocouples with an electrode diameter of 10...20 μm, partially described in [18, 19] .
These investigations are carried out in the grinding of steels and cast irons. Samples of materials are electrically conductive and semi-artificial thermocouples "thermoelectrode -part" can
be used, when the part itself serves as the second thermoelectrode. The convenience of using of such microthermocouples is obvious, but they cannot be used when cutting non-conductive stones. In this research artificial thermocouples "thermoelectrode -thermoelectrode"are used, which are more difficult to work with, Fig. 3.   Fig. 3 . A sample for measuring the temperature by a buried thermoelectrode: 1 -iron wire; 2 -constantan wire; 3 -tested sample
Thermoelectrodes are removed to the surface of the sample and are joined together by a circle (polished), forming a thermo-paste, the value of which is 5...10 μm, thus forming a low-inertia microthermocouple "iron-constantan", the characteristic heat pulse of which is shown in Fig. 4 .
Fig. 4. Characteristic heat pulse from the microthermocouple
Knowing the sweep speed of the storage oscilloscope, it is possible to determine the number of cutting grains in the arc of contact of the circle with the cutting stone, the distance between the cuttinggrains, and the average chip thickness cut by each grain.
The thickness of the chips during cutting can be taken from the sources [17, 18] , since in our studies they are practically confirmed. This value can be described by expression
where v m -the minute feed, v w -the rotation speed of the wheel, t -the feed per circle revolution, l f -the actual distance between the cutting grains in the wheel, and D -the diameter of the wheel. The average size of the shavings (dust grains) is shown in Fig. 5 . The number of chips (dust particles) formed in 1 s will obviously be sp w n v S z,
where n sp is the number of shavings (dust particles) formed in 1 s; z is the specific number of cutting grains per unit surface of the grinding wheel, equal to the results of our measurements where N z -the number of grain of the circle, reduced to the granularity of abrasive wheels; N ctr -the number of the circle structure; S -the width of the cutting circle, L f -the actual distance between the cutting grains, R z -the conventional rounding radius of the tip of the cutting grain, k z -the coefficient of the grain material equal to 1 for electrocorundum, 0.8 for cubic boron nitride (CBN), and 0.7 for synthetic diamond. The specific amount of dust particles formed during cutting is shown in Fig. 6 . The greatest influence on the size of dust particles is provided by the speed of rotation of the circle v w and the feed per revolution of the wheel t. Analysis of formula (1) shows that the size of the dust particles is inversely proportional to the speed of the circle, i. e. when the speed of the circle increases, the size of the dust particles decreases. As for the feed per circle, the size of the dust particle is directly proportional to t 0. 5 . Thus, since cutting is not performed at velocities of less than 30 m/s, it is possible to expect a reduction in the size of the dust particles during the transition to high-speed cutting with speeds of about 50 m/s. Thus, the range of dimensions shown in Fig. 6 will change. The range of 0.5...3.5 μm will turn into a range of 0.35...2.1 μm.
With regard to the feed per circle, then when cutting "in dry" values of more than 0.03 mm/rev are practically not used. When using this value, it is possible to obtain a range of sizes of 0.86...6 μm.
Conditionally, the dimensions of the abrasive grains in the size range that are given in the standards can be broken down into 3 fractions -medium, small and large. This means that with one
grain number in the circle there are grains of different sizes. Accordingly, the larger grains protrude more out of the bundle, and, therefore, they remove larger shavings than small ones. It is possible to say with a high probability that the size of the shavings (dust grains) will also obey this law. Typically, the size of the main fraction is 45 %, then the fine and coarse fraction is 27.5 %. The sizes of large and small fractions differ from the average by 11.5 %. If these patterns are applied to dust particles, the following values are ( Table 1) . As can be seen from Table 1 , the size of the dust particles will be those that have the greatest pathogenic effect on humans and the settling rate of which in the air will be several hours.
2. Determination of the chemical composition of chips
In the contact zone of the circle with the stone, a large amount of heat is formed during cutting. Part of this heat (about 10 %) goes to the shavings [20] . This is often enough to heat the chips to the combustion temperature.
Experiments [19] show that chips that arise when cutting sufficiently strong materials are small glowing or molten particles that fly tangentially to the point of the circle of the rotating wheel to which the sample is pressed. Molten chips or molten material particles, flying at high speed in the air, are heated even more. This is because under the influence of atmospheric oxygen there is intense oxidation -burning, which increases the temperature of the chips.
From Fig. 2 one can see that, when detached, chips rub against the front surface of grain ab, which can be regarded as the front surface of the cutting element. In this case, the chip temperature can be determined as the temperature of its friction against the front surface of the grain.
The heat flux generated by friction of the chip on the front surface of the cutting element (grain) is taken:
where q ind -the heat flux generated by a single cutting grain; k fr -the coefficient of friction equal to 0.1. Specific heat flux in friction is determined on the basis that it is allocated on the area of a square shape with side h.
The chip temperature is determined taking into account the fact that only 10% of the heat goes to it [20, 21] .
where q sp -the specific heat flux, λ -the thermal conductivity of the mineral, a -the thermal diffusivity of the mineral, v w -the rotation speed of the wheel, l -the length of the rubbing element.
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In Fig. 7 is shown the chip temperature when cutting a mineral with a complex composition -granite. Granites are very widespread in the continental crust. The density of granite is 2600 kg/m³, the compressive strength is up to 300 MPa. The melting point is 1215...1260 °C. Mineral composition feldspar (acid plagioclase and potassium feldspar) -60...65 %; quartz -25...35 %; mica (biotite) -5...10 %. A widely distributed chemical composition of such a mineral composition will be KAlSi 3 O 8 +SiO 2 +Al 3 SiO 10 . Calculations show that the chips (dust particles) are heated to high temperatures. If these temperatures are higher than the combustion temperature, then all the chips are burned. The combustion temperature of these minerals is quite high (slightly higher than the melting point). However, in the source [5] it is shown that if the metal or mineral is in the powder state, then the combustion temperature drops sharply. For example, the combustion temperature of titanium is above 1800 °C, and in the powder state it decreases to 400 °C. Therefore, dusts consisting of mineral oxides and its unburned particles can be expected. As can be seen from Fig. 7 , in practically all modes of stone cutting, the chip temperature above the combustion temperature and the chemical composition of the chips are metal oxides that are part of the chemical composition of the cutting stones.
Conclusions
1. Hard stonecutting for construction work with diamond cutting discs is characterized by high dustiness of the working area air.
2. Abrasive and diamond grains of cutting wheels are polyhedral. The most common are grains in geometric form reminiscent of geometric figures -octahedral, trapezoid, tetrahedron, trihedral prism.
3. The radius of curvature at the tops of these figures is 5 ... 20 μm. The actual number of grains participating in cutting is no more than 15 % of the total.
4. Dust during cutting is a collection of micro-chisels, which are cut with diamond grains. The dimensions of these chips are very small: from micrometer shares to several micrometers. Thus, the size of the chips makes it possible to create a dust suspension.
5. The settling time of the dust suspension depending on the material and the size of the dust particles are in the range of several minutes to several hours, which can create large concentrations of dust in the working space during operation within the limits of 1.68•108...0.28•108 pcs/m 3 . 6. The size of chips when cutting is in the range 0.4...6 μm. Dimensions of dust particles are in the range of the greatest pathogenic effect on humans.
7. The chemical composition of dust depends on the type of materials, as well as on the chip heating temperature, which, given the fine dust, is almost always higher than the burning temperature of a particular material. Thus, when cutting particularly complex stone structures, the dust composition can consist of oxides and dust particles of various elements, primarily those related to materials such as K, Si, Al, and some others that are part of granites and basalts.
Knowledge of the patterns of dust formation, including the size of dust particles, concentration, chemical composition and sedimentation rate of dust particles, makes it possible in future studies to determine the severity of the cutting process and to develop an adequate system for protecting the worker.
